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Oral administration of Clostridium butyricum rescues streptomycin-exacerbated
respiratory syncytial virus-induced lung inflammation in mice
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ABSTRACT

Changes in the intestinal microbiota indirectly impact the health of mucosa distal to the intestine,
particularly the respiratory tract. However, the effects of intestinal microbiota dysbiosis on the
regulation of respiratory syncytial virus (RSV) infection are not clear. In this study, we examined
the effects of altering the intestinal microbiota on the pulmonary immune response against RSV
infection. BALB/c mice were treated with streptomycin before infection with RSV to study the
altered immune response. The ingestion of streptomycin led to a marked alteration in the
intestinal microbiota with a reduced abundance of Lactobacillus and Clostridium genera, followed
by greatly aggravated pulmonary inflammation in response to RSV infection. This aggravated
inflammation was associated with a dysregulated immune response against RSV infection, char-
acterized by the increased expression of IFN-y and IL-17 and increased pulmonary M1-like
macrophage polarization, and decreased expression of IL-5. Supplementation of Clostridium
butyricum (CB) prevented aggravated inflammation and the dysregulated immune response
characterized by greater M2 polarization of pulmonary macrophages and decreased release of
IFN-y and IL-17 as well as increased IL-5 levels. Furthermore, in vitro and in vivo experiments
identified that butyrate, the main metabolite produced by CB, promoted M2 polarization of
macrophages in RSV-infected mice exposed to streptomycin. Together, these results demonstrate
the mechanism by which intestinal microbiota modulate the pulmonary immune response to RSV
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infection.

Introduction

Respiratory syncytial virus (RSV), a negative-sense and
single-stranded paramyxovirus virus with a filamentous
envelope belonging to the Orthopneumovirus genus of
family Pneumoviridae, is a widespread pathogen, that
infects almost all children by age 2, with half of the
children experiencing two infections during that time
[1]. Severe RSV infection can affect airway function
through viral and inflammatory damage [2,3], resulting
in asthma-like inflammation, such as airway hyper-
responsiveness (AHR), inflammatory cell infiltration,
especially eosinophils, and pro-inflammatory cytokine
production [4]. Although the exact mechanism of RSV-
induced pathogenesis is not clear, the relative super-
iority of Th2 cytokines over Thl cytokines has been
shown to be critical for the occurrence of asthma and
exacerbation of asthma caused by RSV infection [5-7].

Recognition of the significant disease burden posed
by RSV has led to the need to better understand what
drives severe disease in order to develop new effective
interventions. Increasing evidence in human and

animal models suggests that gut microbiota dysbiosis
has a profound influence on distant mucosal site to the
intestine, particularly in respiratory tract health.
Clinical trials have shown that supplementation of pro-
biotics alters the gut microbiome [8,9] and reduces the
incidence of rhinovirus infection in premature infants
as well as the duration and severity of rhinovirus infec-
tion in adult [10]. In mice, by using germ-free mice
[11,12] or antibiotics [13], the effects of changes in the
gut microbiota on asthma susceptibility were well
established [13-16]. Moreover, gut microbiota dysbio-
sis induced by antibiotic treatment inhibits lung inter-
ferons and T cell immunity, leading to immune
impairment and increased pulmonary viral load after
influenza virus [17,18]. Similar results were seen in
Sendai virus (SeV) infection, in which antibiotic treat-
ment led to a marked dysbiosis in gut microbiome and
significantly induced a dysregulated immune response
characterized by decreased lung and intestinal regula-
tory T cells and increased lung interferon (IFN)-y,
resulting in an increase in mortality of SeV-infected
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mice [19]. Therefore, it is necessary to clarify the con-
nection between gut microbiota and RSV infection.

Several reports have studied the association of gut
microbiota with RSV infection. Groves and his collea-
gues revealed that RSV infection altered the gut micro-
biota, providing a favorable environment for the S24_7
family, suggesting a link between the S24_7 family and
RSV infection [20]. The gut microbiota of patients with
moderate and severe RSV are enriched wtih S24_7,
Clostridiales, Odoribacteracae, and Lactobacillaceae
relative to healthy individuals [21]. However, no studies
have addressed the role of the gut microbiota on the
pulmonary immune response to RSV infection. Herein,
we attempted to determine whether antibiotic pertur-
bation of the gut microbiota would lead to changes in
the respiratory immune response against RSV infection
in murine models.

Methods
Mice and RSV inoculation

Six-week-old ~ female BALB/c mice (Shanghai
Laboratory Animal Center, Shanghai, China) were
bred and maintained in a specific-pathogen-free facility
at the Laboratory Animal Center, China Medical
University. All experiments were implemented in
accordance with the guidelines and regulations
approved by the Institutional Animal Care and Use
Committee of China Medical University, China. The
human RSV type A2 (RSV A2) strain was propagated
in HEP-2 cells (ATCC). Virus titer was expressed as
a 50% tissue culture infection dose (TCID50), calcu-
lated using the method of Reed and Muench [22]. For
RSV inoculation, mice were inoculated intranasally at
an inoculum dose of 2 x 10° TCID50 per mouse in
20 pL of sterile phosphate-buffered saline (PBS). As
controls, mice were inoculated intranasally with ster-
ile PBS.

Antibiotic and probiotic treatment

BALB/c mice were given either reverse osmosis water
(RO water) or RO water supplemented with 0.5 g strep-
tomycin sulfate (MACKLIN) per 250 mL fresh water
for 2 weeks. Water bottles containing streptomycin
were replaced twice weekly. Clostridium butyricum
(BNCC, 337,239; 200 uL/day, concentration of live
bacteria, 1 x 10® CFU/mL) was continuously adminis-
tered via the intragastric route for 1 week before RSV
infection. Sodium butyrate (Sigma, 303,410; 200 pL/
day, concentration of 3 M) was continuously adminis-
tered via intragastric route for 1 week before RSV

infection. The mice were euthanized on day 3 after
RSV infection, and the samples were collected.

Bronchoalveolar lavage and histopathology

Bronchoalveolar lavage (BAL) was performed on day 3
after RSV infection. The lungs were lavaged two times
with 1 mL PBS to collect BAL fluid (BALF). BALF was
centrifuged at 2000 rpm for 5 min at 4°C. The cell
precipitate was resuspended with 100 PBS and 10 pL
was taken for counting the total number of inflamma-
tory cells in BALF. The remaining cell suspension was
smeared at 1000 rpm for 5 min at 4°C with a cell
centrifuge smear (Thermo Shandon Cytospin 4) and
then stained with Wright Giemsa stain. A total of 200
cells per slide were counted, and the proportions of
different leucocytes were calculated. Whole lungs were
then removed and fixed in 10% formalin, embedded in
paraffin. The lung tissue sections (5-pm) were stained
with hematoxylin and eosin (H&E) for analysis of peri-
bronchial cellular infiltration.

Lung single cell preparation

After anesthesia, mice were flushed the lung circulation
with 20 mL of sterile PBS to remove intravascular blood
pool. Removed lungs were minced and incubated at
37°C on a rocker for 60 minutes with 200 mg/mL
collagenase D and 40 mg/mL DNase I (Roche). Then,
the enzyme-digested lung tissue was passed through
stainless steel mesh. Lung single-cell suspensions were
collected by density-gradient centrifugation with lym-
phocyte-separation solution.

Cell culture and treatment

The murine macrophage cell line, RAW 264.7 was
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS and infected with RSV at
multiplicity of infection (MOI) of 2 for 1 h. RAW
264.7 cells were pre-treated with or without butyrate
(0.3, 1, or 3 mM). The mRNA expression was detected
by real-time PCR at 48 h after RSV infection.

RNA isolation and real-time PCR

Total RNA was extracted from lung homogenate or
purified cells with TRIzol reagent (Life Technologies)
and was converted to cDNA using SuperScript III
Reverse Transcriptase (Life Technologies).
Quantitative real-time PCR was performed using
SYBR Green Master Mix (Life Technologies). Primer
sets for individual genes are shown in Supplementary



Table 1. Real-time PCR was run in a LightCycler® 480
(Roche Molecular Biochemicals) under identical ampli-
fication conditions. The results were normalized to p-
actin expression and presented as fold change (fold
change = 2724¢T),

Flow cytometry and magnetic separation

Lung single-cell suspensions were blocked with anti-
mouse CD16/32 (BD Bioscience) and then, stained with
fluorochrome-conjugated antibodies against CD45, F4/
80, CD11b, CD86, CD206, and ST2 (BD Bioscience).
Lineage cocktail included antibodies to CD3, CD4,
CD5, CD8, CDl11b, Gr-1, CD19, B220, DX5, and
TCRS (BD Bioscience). To obtain lung macrophages,
single-cell suspensions from the lungs of tested mice
were separated by magnetic bead purification of F4/80
positive cells (Invitrogen, Thermo Fisher Scientific, CA
8802-6863).

Microbial analysis

For composition analysis, feces from the cecum of
mice were removed, and total DNA was extracted
using E.ZN.A. ® Soil DNA Kit (OMEGA) following
the manufacturer’s protocol. 165 rRNA gene frag-
ments were amplified using the universal primer
sequence 341 F (5-CCTACGGGNGGCWGCAG-3')
and 805 R (5-GACTACHVGGGTATCTAATCC-3').
The PCR products were purified using an Agencourt
AMPure XP Beads Kit (Beckman Coulter Inc., Brea,
CA, USA). The resulting 16S rRNA gene sequences
were selected to compare the relative abundance of
bacterial taxa. Global community structure compari-
sons from feces samples were made using PCoA and
Simpson’s diversity index implemented using mothur
(version 1.30.1) [23]. Taxonomy was assigned using
the RDP Classifier (version 2.12) at a confidence
threshold of 80% [24]. The differential abundance
analysis of taxa was performed at genus levels by
Welch’s t-test using STAMP software (version 2.1.3)
[25]. The raw sequence data reported in this paper
have been uploaded to the NCBI large capacity data-
base SRA (Sequence Read Archive, https://www.ncbi.
nlm.nih.gov/sra/PRINA669372 Accession:
PRINA669372).

Statistical analysis

Differences between control and experimental groups
were compared using one-way analysis of variance
(ANOVA) to calculate the statistical significance
(GraphPad Prism software, version 7.0).
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Results

Alteration of gut microbiota caused by
streptomycin

Changes in the gut microbiota composition after strep-
tomycin treatment were assessed by 16S high-
throughput sequencing, which revealed significantly
different profiles between streptomycin-treated mice
and control animals. Alpha diversity and beta diversity
showed significant differences in microbiota diversity
and composition among the two groups (Figure 1(a—
c)). Moreover, streptomycin-treated and control mice
exhibited different microbiota profiles. Interestingly, we
noticed a significant decrease in the relative abundance
of the genera Lactobacillus, Clostridium_XIVa, Alistipes,
and enriched Bacteroides following streptomycin treat-
ment (Figure 1(d,e)).

Streptomycin treatment aggravates RSV-induced
lung inflammation

RSV infection induces pulmonary inflammatory cell
infiltration and pulmonary virus proliferation. To
determine whether antibiotic perturbation of intestinal
microbiota would affect RSV infection, mice were
infected with RSV mice after exposure to streptomycin
for 2 weeks (Figure 2(a)). Analysis of BAL and lung
tissue pathology was then performed. Consistent with
our previous finding in RSV-infected mice [26], RSV
induced a significant increase in the number of total
inflammatory cells, which was due to the increase of
eosinophils, lymphocytes, and neutrophils compared
with normal controls (Figure 2(c,d)). However, RSV-
challenged mice treated with streptomycin resulted in
higher total inflammatory cells in BAL compared to
RSV-challenged  control mice  (Figure  2(c)).
Differential type analysis of the infiltrating inflamma-
tory cells in BAL revealed that streptomycin-treated
RSV-infected mice had increased macrophages and
neutrophils as well as decreased eosinophils relative to
controls (Figure 2(d)). As expected, no difference in
total inflammatory cells or cell type was observed in
normal control or streptomycin-treated mice. Alveolar
macrophages made up the majority of cells in the BAL.

The preliminary analysis of lung inflammation in the
model mice based on BAL results was further con-
firmed by pulmonary histopathology. RSV-induced
inflammatory cell infiltration was predominantly loca-
lized to the bronchus, whereas streptomycin-treated
RSV-challenged mice showed severe inflammation in
the lungs (Figure 2(b)). No pathological changes were
observed in normal control mice or in streptomycin-
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Figure 1. Antibiotic treatment alters intestinal bacterial communities. Operational taxonomic unit (OTU) counts (a), Alpha diversity
(b) and Beta diversity (c) using principal coordinate analysis (PCoA) were compared between the controls (NC) and streptomycin-
treated groups. Relative abundance of intestinal bacteria taxa at the genus level (d). Differential abundance of bacteria taxa based on
genera in fecal microbiota of NC and streptomycin-treated mice (e).

treated control mice. Moreover, streptomycin treat-
ment had no effect on viral load in the lungs of mice
(Supplementary Figure 1). Taken together, streptomy-
cin treatment could enhance the severity of inflamma-
tion in the lungs of RSV-infected mice.

Streptomycin treatment led to a dysregulated lung
immune response to RSV

One possible cause for aggravated inflammation in
RSV-infected mice exposed to streptomycin would be
the dysregulation of the immune response. It is well

established that RSV infection induces predominantly
Th2-associated pulmonary inflammation, such as the
production of IL-13, IL-4, and IL-5 [27] [28,29].
Interestingly, we found significantly increased mRNA
expression of IFN-y and IL-17A as well as decreased
expression of IL-10 in the lungs of streptomycin-treated
RSV-challenged mice relative to RO-treated RSV-
challenged mice (Figure 3(a,b)). Lung tissue from strep-
tomycin-treated mice tended to secrete less IL-13, IL-4,
and IL-5 after RSV infection (Figure 3); however, these
differences were not statistically significant, except for
the differences in IL-5 expression (P < 0.01) (Figure 3
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Figure 2. Streptomycin treatment results in enhanced pulmonary peribronchial inflammation following RSV infection. BALB/c mice
were placed on a RO or RO+streptomycin water diets, and 2 weeks later were infected intranasally with RSV. Experimental design (a).
Images of H&E-stained lung sections showing peribronchial inflammation (b). Total (c) and different leukocytes subtypes (d) in BAL
fluids. Data are presented as the mean £ SD of results for each group of 3 mice tested. *p < 0.05 by ANOVA was considered

statistically significant. ND, not detectable.

(e)). There were no differences in the production of
these inflammatory cytokines in streptomycin-treated
mice compared with normal control animals, which
suggested that the effect of streptomycin treatment on
RSV-infected mice was not caused by the direct effect
of streptomycin on lung tissue. In summary, we found
that streptomycin treatment influenced RSV-induced
pulmonary inflammation by skewing Th2 switching
toward a Thl- or Th17-associated response.

Macrophage activation in the lungs likely
contributed to streptomycin-exacerbated
RSV-induced lung inflammation

Several studies have reported the regulating effect of the
gut microbiota on innate immunity and its impact on
inflammation  [30,31]. To determine whether

exacerbated RSV-induced lung inflammation in strep-
tomycin-treated mice was due to changes in innate
immune responses, we compared innate immune cells
in the lungs of streptomycin-treated and RO-treated
mice after a 3-d exposure to RSV. As Group 2 innate
lymphoid cells (ILC2s) have been implicated in RSV
infection [32,33], we investigated the prevalence of
these lymphocytes in the lung of streptomycin-treated
or RO-treated RSV-challenged mice. ILC2s showed
a significant increase after RSV infection in RO-
treated mice (Figure 4(c,d)); however, no differences
were observed in streptomycin-treated RSV-challenged
mice compared with RO-treated RSV-challenged ani-
mals (Figure 4(c,d)). In an attempt to determine
whether other innate immune cells took part in strep-
tomycin-induced aggravation of RSV inflammation, we
also compared the levels of CD45'F4/80"CD11b*
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Figure 3. Streptomycin treatment alters pulmonary cytokines response to RSV. BALB/c mice were placed on RO or RO+streptomycin
water diet, 2 weeks later were infected with RSV. The relative gene expression of IFN-y (a), IL-17 (b), IL-10 (c), IL-13 (d), IL-5 (e), and
IL-4 (f) in lung tissues were determined by real-time PCR method. Data are reported as mean + SD of the results for each group.
*p < 0.05 and **p < 0.01 by ANOVA were considered statistically significant.

macrophages, which play a critical role in the modula-
tion of pulmonary inflammation during respiratory
viral infection [34], in the lungs of streptomycin-
treated and RO-treated mice. Interestingly, we found
macrophages to be strikingly increased in the strepto-
mycin-treated RSV-challenged mice relative to RO-
treated RSV-challenged mice (Figure 4(a,b)).
Consistent with above results, streptomycin treatment
did not cause any changes in the frequency of ILC2s or
macrophages in the lungs of normal animals compared
with RO-treated mice.

To further confirm the potential role of macro-
phages, lung macrophages were collected from strepto-
mycin-treated or RO-treated mice at day 3 after RSV
infection to test the relative levels of activated cytokine
secretion. We found RSV infection could promote lung
macrophages to secrete more arginase-1 (Argl) but less
IL-1f and inducible nitric oxide synthase (iNOS).
However, streptomycin treatment reversed this situa-
tion, showing less expression of Argl and IL-10, with
more expression of IL-1p and iNOS in the lungs of
RSV-infected mice (Figure 4(e-h)), suggesting that M1-
polarization of macrophages may be responsible for the
exacerbation of lung inflammation of streptomycin-
treated RSV-challenged mice.

Clostridium butyricum supplements rescued
streptomycin-induced aggravation of inflammation
in RSV-infected mice

Given that streptomycin-treated mice presented a more
severe RSV infection than control mice, the gut micro-
biota that were reduced or enriched after streptomycin
treatment were considered to influence disease-
susceptible bacteria. In the present study, streptomycin
treatment reduced Clostridium genera, which is one of
the most important genera to produce abundant buty-
rate [35] and has been reported to modulate the func-
tions of extra-intestinal immune cells, such as Tregs
[36] and macrophages [37]. Thus, we speculated that
the reduction in Clostridium spp. in the gut after strep-
tomycin may be the primary cause of changes in RSV-

induced immune response in the lung.
To provide evidence for our speculation, mice that

had received a 2-week streptomycin treatment were
intragastrically given Clostridium butyricum (CB),
which belongs to Clostridium genus named for its
capacity to produce high amounts of butyric acid in
the gut [38], for 1 week, and then infected with RSV.
BAL analysis and lung tissue histopathology were per-
formed. Surprisingly, the CB supplement reduced the
overall amount of inflammatory cells in the BAL
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Figure 5. CB supplement reduces pulmonary inflammation (b-d) and alters the pulmonary cytokine response (e-j) to RSV infection in
streptomycin-treated mice. Images of H&E-stained lung sections showing peribronchial inflammation (a). The number of total cells
(b) and different leukocyte subtypes (c) in BAL fluids. The relative expression of mRNAs for IL-5(d), IL-13 (e, IL-10 (f), IFN-y (g), IL-17
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*p < 0.05 and **p < 0.01 by ANOVA were considered statistically significant.



(Figure 5(b)) as well as lung viral load (Supplementary
Figure 1) of streptomycin-treated RSV-challenged mice
to that of RO-treated RSV-challenged mice. Differential
analysis of the infiltrating inflammatory cells in the
BAL showed that exposure to CB also reduced the
levels of macrophages, lymphocytes, and neutrophils
of streptomycin-treated mice (Figure 5c). Moreover,
CB also alleviated inflammatory cell infiltration in
lungs of streptomycin-treated mice as evidenced by
H&E staining (Figure 5a).

CB restored the inflammatory response type and
decreased the number of lung macrophages

We next questioned whether the dysregulated cytokine
response in RSV-infected streptomycin-treated mice
was restored following exposure to CB supplements.
The expression of IL-13, IL-4, IL-5, IFN-y, IL-17A,
and IL-10 in the lungs of tested mice was measured
again. As expected, the level of IFN-y and IL-17A
decreased significantly in CB-treated mice relative to
controls (Figure 5(g,h)). Lung tissues from CB-treated
mice tended to express more Th2 cytokines, with only
IL-5 expression showing a significant difference com-
pared with streptomycin-treated animals (Figure 5(d)).

We also detected changes in macrophages in the
lungs of tested mice. Similarly, CB supplement signifi-
cantly reduced the prevalence of macrophages com-
pared to streptomycin-treated mice after RSV
infection (Figure 6(a,b)). Further evaluation of isolated
macrophages revealed that the streptomycin-induced
increase in iNOS and IL-1f secretion was significantly
reduced after CB supplement, and the reduced mRNA
expression of Argl was increased significantly (Figure 6
(c,e,f)). However, IL-10 expression level did not change
after CB supplement (Figure 6(d)).

In summary, CB supplements diminished the effects
of streptomycin treatment on the lung of RSV-infected
mice, and mimicked the pulmonary immune response
similar to the levels before streptomycin treatment.

Sodium butyrate regulated the expression of pro-
and anti-inflammatory cytokines in RAW 264.7
in vitro

To clarify the potential mechanism involved in CB
supplementation changes the polarization of macro-
phages in the lungs of RSV-infected mice, we evaluated
the role of butyrate on RSV-infected RAW264.7 murine
macrophages as the main metabolite of CB in the
intestinal tract is butyrate. RAW264.7 cells were stimu-
lated with RSV in the presence or absence of butyrate
for 24 h and were then further incubated for 48 h to

VIRULENCE (&) 2141

examine the ability of butyrate to regulate RSV-induced
M1- or M2-associated marker production in macro-
phages. The infection of RAW264.7 cells with RSV led
to an increased expression of iNOS and IL-1pB, as well
as the decreased expression of Arg-1 (Figure 7).
Butyrate remarkably inhibited RSV-induced iNOS and
IL-13 mRNA expression levels but promoted Arg-1 and
IL-10 production in RAW264.7 cells (Figure 7). These
results indicated that butyrate could downregulate
RSV-induced iNOS and IL-1B levels but upregulated
Arg-1 and IL-10 expression in murine macrophages.

Previously, we found that RSV infection activated
the MAPK signal pathways p38, JNK1/2, and ERK1/2
in RAW264.7 cells [39]. In addition, NF-xB activation
is an essential signaling pathway responsible for iNOS
expression [40]. We therefore sought to determine
whether the expression of mRNAs for these signal
molecules changed. The expression of ERK1 and p38
mRNA in RAW264.7 increased following RSV infec-
tion (Figure 7). Butyrate significantly inhibited the
expression of NF-«B, p38, and ERKI, especially at the
3 mM treatment. JNK1/2, ERK2 did not show any
further changes. Altogether, butyrate may regulate the
expression of pro- and anti-inflammatory cytokines in
RSV-stimulated RAW264.7 cells by inhibiting the NF-
kB, p38, and ERK1 signaling pathways.

Sodium butyrate supplementation promoted M2
polarization of pulmonary macrophages in vivo

To further clarify the role of butyrate in regulating
macrophage activation in vivo, mice that had received
a 2-week streptomycin treatment were intragastrically
given sodium butyrate (SB) for 1 week, and then
infected with RSV. Pulmonary macrophages were ana-
lyzed by flow cytometry. Results showed that SB sup-
plementation did not significantly affect the amount of
pulmonary macrophages, but alters the polarization of
macrophages in streptomycin-treated RSV-infected
mice (Figure 8(a-d)). Further evaluation of isolated
pulmonary macrophages revealed that the streptomy-
cin-induced increased in IL-1( secretion was signifi-
cantly reduced after SB supplement, and the mRNA
expression of Argl and IL-10 was increased signifi-
cantly (Figure 8(f-h)). These results indicated the effi-
cacy of SB in modulating pulmonary macrophage
polarization from MI1 to M2 in streptomycin-
exacerbated RSV infection.

Discussion

In the past few decades, the importance and univers-
ality of the gut microbiota have been recognized, and
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Figure 6. CB supplement reduces the number of pulmonary macrophages and the expression of M1 cytokines in macrophages in
response to RSV infection in streptomycin-treated mice. Gating strategy of pulmonary macrophages (a). Total pulmonary macro-
phages (b) were determined by flow cytometry. The gene expression of Arg1 (c), IL-10 (d), iNOS (e) and IL-1f (f) relative to the
expression of B-actin in pulmonary macrophages was detected by real-time PCR. Data are reported as mean + SD of the results for
each group of 5 mice tested. *p < 0.05, **p < 0.01 by ANOVA compared with NC group, were considered statistically significant.
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statistically significant.

much effort has focused on identifying the bacterial
populations associated with the development of respira-
tory disease, especially respiratory viral infections. The
findings from different studies indicated that the
mechanisms regulating the influence of the gut micro-
biota on respiratory viral infection differed significantly
likely due to the differences in the experimental models
and methods. Nevertheless, most studies pointed
toward the notion that an intact gut microbiota is
conductive to the host’s antiviral immunity [18,19]. In
the present study, we propose a novel role for the lung-
gut axis using an RSV-infected mice model. Our study
used a more classical approach: by creating detectable
changes in the gut microbiota exposed to antibiotic

before RSV infection, we identified members of the
microbiota that may disturb RSV-induced pulmonary
inflammation and the underlying mechanisms.
Classically, RSV infection induces a Th2-driven
immune response, mainly represented by the produc-
tion of Th2 cytokines (IL-4, IL-5, IL-10, and IL-13) and
the recruitment of eosinophils in lung tissue, which
correlated with the generation of M2 macrophages dur-
ing RSV infection [41,42]. This is consistent with our
results which showed increased eosinophils in BALF
and increased expression of IL-4, IL-13, and IL-10 in
the lung tissue, as well as enhanced expression of Argl
in isolated pulmonary macrophages indicative of M2
polarization in RSV-infected mice. However, in this
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Figure 8. Sodium butyrate (SB) supplement promotes M2 polarization in response to RSV infection in streptomycin-treated mice.
Gating strategy of pulmonary macrophages and M1/M2 macrophages (a). Total pulmonary macrophages (b) and M1/M2 type
macrophages (c, d) were determined by flow cytometry. The gene expression of iNOS (e), IL-1B (f), Arg1 (g) and IL-10 (h) relative to
the expression of B-actin in pulmonary macrophages was detected by real-time PCR. Data are reported as mean + SD of the results
for each group of 5 mice tested. *p < 0.05, **p < 0.01 by ANOVA were considered statistically significant.

study, mice pretreated with streptomycin produced
a different pulmonary immune reaction in response to
experimental RSV infection. The severity of RSV infec-
tion was exacerbated by streptomycin treatment as
evidenced by more severe pulmonary histopathology
and increased infiltration of inflammatory cells and
macrophages in BAL, which reflected the degree of
airway inflammation, and was accompanied by
enhanced expression of IFN-y and IL-17A (IL-17).
Correspondingly, increased presence of macrophages
and greater M1 polarization in the lung tissue were
also found. Our results suggested that streptomycin
treatment skewed the immune response toward Thl
and Th17 pathways and promoted pulmonary macro-
phages toward an M1 phenotype in the lungs of RSV-
infected mice, which is consistent with previous study
that streptomycin treatment significantly increased pul-
monary IFN-y production and reduced regulatory cells,
resulting in an increase of mortality in SeV-infected

mice [19]. In addition, the pleiotropic functions of
IFN-y in inducing a robust Thl response and differ-
entiation of M1-like macrophages have been revealed
[43-45]. M1 macrophages play a central role in the
cytotoxicity of microorganisms and induce elevated
production of pro-inflammatory cytokines such as
iNOS and IL-1p, as well as skew the immune response
to Th1 [42,46]. In contrast, M2 macrophages represent
potent effector cells involved in Th2 response or reg-
ulatory IL-10-associated immunity, thereby inhibiting
the inflammatory response, and promoting tissue mod-
eling [47,48]. Moreover, as previously mentioned, IL-17
is an inflammatory cytokine that drives neutrophil
recruitment and activation, and in addition, it is corre-
lated with severe RSV infection and exacerbation of
allergic disease [49,50]. IL-17 levels mediate inflamma-
tion and airway remolding and are associated with
asthma health outcomes [51,52]. Thus, changes in the
immune response to a pulmonary viral infection



induced by streptomycin  treatment revealed
a complicate regulatory network that together led to
increased pulmonary inflammation.

As an unabsorbable antibiotic, streptomycin has
been shown to affect the composition of intestinal
microbiota, with only 0.00001% being absorbed when
given at a high dosage [53]. Therefore, streptomycin
treatment should have little effect on the pulmonary
microbiota directly, which strongly supports our results
that the pulmonary immune response could be regu-
lated by a disruption of the composition of the intest-
inal microbiota, which is considered to reflect the lung-
gut axis. 16S sequencing of stool samples from mice
revealed that oral administration with streptomycin
induced broad changes to the composition of intestinal
commensal microbiota, which mainly consisted of the
reduction of Firmicutes phylum (Lactobacillus,
Clostridium_XIVa, Alistipes) and enrichment of the
Bacteroidetes phylum. Bacteroidetes is a diverse phylum
with limited description of its specific branches.
Bacteroides fragilis is the most well-studied species in
the Bacteroidetes phylum, and has been demonstrated
to play an important role in the maturation of Thl
immune responses by activating CD4"T cells to pro-
duce more IFN-y [54]. Moreover, an enterotoxigenic
B. fragilis strain promoted colon tumorigenesis in
a Th17-dependent manner, further supporting its role
in affecting Th17 disease [55].

Although the precise immune mechanism through
which streptomycin treatment aggravates RSV-induced
inflammation is still unclear, there is strong evidence
that members of the intestinal microbiota mediate dif-
ferent immune cell responses, including Treg cells and
Th17, and can alter the pathogenesis of variety disease
models such as colitis and arthritis [36,56-58]. This has
fueled our speculation that changes in the composition
of bacterial species may promote the formation of an
inflammatory environment that exacerbates the Thl/
Th17 response directly or indirectly.

The decreased abundance of the Clostridium bac-
teria caused by streptomycin treatment was con-
firmed by our study and other studies [59].
Intriguingly, Clostridium has been reported to pro-
mote the expansion and differentiation of Treg cells
in vitro and oral administration of a combination of
strains falling within clusters IV, XIVa, and XVIII of
Clostridia in adult mice alleviated disease in models
of colitis and allergic diarrhea [36]. Furthermore,
another study reported a negative correlation
between macrophages and fecal Clostridium compo-
sition. These data highlight the connection between
the reduction of intestinal Clostridium and increased
macrophages.
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Does the decreased abundance of Clostridium play
a role in the streptomycin-exacerbated RSV inflam-
mation? To test this possibility, streptomycin treated-
mice were pretreated with CB, a widespread species
belonging to the genus Clostridium, prior to RSV
infection. We found oral administration of CB sup-
plements was effective in reducing the streptomycin-
exacerbated RSV-induced lung inflammation, as evi-
denced by the significant decrease in the overall
levels of inflammatory cells in the BALF, and further
alleviated pulmonary histopathology. CB can also
significantly suppress the expression of IFN-y and
IL-17 in lung tissue, but also promotes Th2 cytokine
expression and induces greater M2 polarization,
which may be responsible for the reduced inflamma-
tory response mentioned above. The anti-
inflammatory activity of CB has been reported to be
involved in intestinal anaphylaxis induced by food
allergies [59], and significantly inhibits the allergic
inflammation associated with foods in the intestine
and contributes to restore the intestinal epithelial
barrier functions [60]. Moreover, the efficacy of CB
for the treatment of allergic asthma has also been
observed in a previous study, which indicated that
lung resistance and airway inflammation could be
reduced by CB in the asthmatic mice, in addition to
the suppression of OVA-specific IgE/G1 expression
and mast cell degranulation [61]. Similarly, oral
administration of CB supplements ameliorated the
gut microbiota dysbiosis mice following RSV infec-
tion and was thereby effective in reducing pulmonary
inflammation by interfering with the polarization of
macrophages to M2 and suppressing pro-
inflammatory cytokines in our study.

As the main metabolite produced by CB in the gut,
butyrate has been considered the main effector in
mediating its anti-inflammatory effects [38,62]. The
anti-inflammatory role of butyrate via promoting M2
polarization has been elaborated in many diseases,
such as alcoholic liver disease [63], inflammatory
bowel disease [64]. Indeed, we also found butyrate
could enhance M2 polarization while suppress M1
polarization of macrophages both in vivo and
in vitro. Notably, further mechanistic study revealed
that butyrate inhibited the expression of NF-kB, p38,
and ERK1 in RSV-infected murine macrophages, indi-
cating the involvement of NF-kB, p38, and ERK1 sig-
naling pathway in its activity. Previous studies have
shown that NF-kB and ERK play a crucial role in the
regulation of inflammation. They are involved in the
modulation of iNOS and the expression of various
cytokines in macrophages [65,66]. Additionally, others
have also reported that butyrate may inhibit NF-kB
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and ERK signaling pathways to play anti-inflammatory
effects in IFN-y-stimulated RAW 264.7 cells or LPS-
induced RAW 264.7 cells by inhibiting NF-kB and
ERK signaling pathways [67,68]. Therefore, it is likely
that NF-«xB, p38, and ERK1 are target molecules of
butyrate in the regulation of RSV-induced pro- and
anti-inflammatory cytokine production in
macrophages.

In conclusion, this is the first report to describe that
antibiotic disruption of intestinal microbiota aggravates
pulmonary inflammation in mice infected with RSV via
expansion of M1-like macrophages and increased pro-
duction of pro-inflammatory cytokines. Additionally,
supplementation of CB can alleviate pulmonary inflam-
mation by promoting M2 polarization and anti-
inflammatory cytokine expression and by inhibiting
the expression of pro-inflammatory cytokines. These
effects are possibly due to the fact that butyrate,
which was produced by CB, is absorbed into blood-
stream and inhibits NF-kB, p38, and ERK1 signaling
pathways in pulmonary macrophages. These data
emphasize the link between the intestinal microbiota
and the pulmonary immune system, but they also raise
concerns about the potential risks of overuse of anti-
biotics. Our findings will provide new insight into the
development of probiotic treatment in ameliorating
RSV infection.
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